Background
==========

Fruit softening is a complex process during which a large number of proteins interact in order to achieve the physiological condition that allows fruit to accomplish its final objective, seed dispersion \[[@B1]-[@B3]\]. Peaches (*Prunus persica*L. Bastch) from fresh eating melting flesh varieties are characterized as having a short shelf life due to the rapid loss of firmness at the end of the ripening process, the softening of the fruit mesocarp. Changes in the cell wall are particularly important for this phenomenon, especially the dismantling of its structure, the degradation of the polymers of which it is composed and the loss of turgor pressure in the fruit \[[@B4]\]. After softening, fruit is susceptible to physical injury and pathogen attack and can only be stored for a few days \[[@B5]\].

Cold storage has been used to increase the postharvest life of peach fruit; however, this procedure leads to undesirable changes in fruit quality. These symptoms are known as chilling injury and include mealiness or lack of juice, as well as browning, among others \[[@B6],[@B7]\]. Mealiness has been associated with abnormal cell wall dismantling during cold storage and the subsequent ripening. However, the mechanisms that disrupt the normal fruit cell wall metabolism during this low temperature disorder are not yet clear \[[@B6]\]. The browning phenotype has been linked to interaction between phenols and polyphenol oxidase. These elements are usually found in different compartments within the cell, but the membrane permeability of deteriorated tissues may cause them to come into contact with one another \[[@B6]\]. Other important metabolic processes may be altered in cold injured fruit. For example, there is evidence that abnormal oxidative metabolism is triggered at low storage temperatures \[[@B8]-[@B11]\]. Despite these findings, little is known about the softening process and the molecular events that lead to the physiological disorder observed in cold stored fruit.

In order to increase our understanding of this physiological process, we engaged in a global analysis using a proteomic approach that should provide us with a more accurate representation of the cellular/physiological state of the fruit rather than profiling the expression of mRNAs \[[@B12],[@B13]\]. Our aim was to identify proteins that could be differentially accumulated in soften and/or cold injured peaches. To this end, we utilized two-dimensional gel electrophoresis (2-D), a widely used technology that allows for the evaluation of many proteins. Several steps of the process have been optimized during recent years, giving this technique an excellent resolving power \[[@B14],[@B15]\]. Furthermore, the introduction of 2-D difference gel electrophoresis (DIGE) by Ünlü et al. \[[@B16]\], allows the comparison of different protein samples within the same gel, strengthening the confidence of the 2-D quantitative analysis. Thus, a 2-D DIGE approach was designed to inspect for proteins that could be differentially accumulated in peach fruit during softening and under conditions that led to chilling injury altered fruit.

Results
=======

Physiological response of peach fruit to different postharvest storage conditions
---------------------------------------------------------------------------------

The peaches utilized in this work correspond to those analyzed by Campos-Vargas et al \[[@B7]\]. In that study four postharvest stages were selected and each group named as: E1, firm fruit taken from packing; E2, fruit soften at 20°C; E3, fruit stored in a cold room at 4°C for three weeks; and E4, fruit stored at cold room and then kept at 20°C to allow for softening (Figure [1](#F1){ref-type="fig"}). Some of the physiological parameters measured by Campos-Vargas et al. \[[@B7]\] are summarized in Table [1](#T1){ref-type="table"}, which also describes the degree of browning of the fruit at each stage. The results showed that fruit became nearly ten times less firm under normal softening conditions, dropping from 72.5 N in E1 to 7.9 N in E2. This change is characteristic of peach melting varieties. Fruit stored at 4°C for three weeks (E3) showed a significant decrease in firmness, reaching a value of 43.2 N. Fruit from the E4 stage reached a firmness value of 6.8 N, which is similar to normally softened fruit (Table [1](#T1){ref-type="table"}, which also describes the degree of browning of the ). The fruit from the E4 stage showed symptoms of chilling injury such as lack of juice (Table [1](#T1){ref-type="table"}) and browning (Table [1](#T1){ref-type="table"}, additional file [1](#S1){ref-type="supplementary-material"}). Peaches that were softened after being stored in the cold (E4) produced more ethylene than fruit softened normally. As expected, respiration also increased from E1 to E2. Interestingly, fruit kept in the cold (E3) exhibited a high respiration rate that did not change when the fruit was allowed to soften (E4; Table [1](#T1){ref-type="table"}).

![**Schematic representation of the postharvest conditions under evaluation in this study**. In order to acquire information about the normal softening process of *P. persica*fruit, two postharvest conditions were selected and assigned as E1 and E2. Stage E1 (represented by the green colour, day 0) was used to name fruit that went through packing whereas fruit that was allowed to ripen at 20°C, after packing, was named as E2 (represented by the red colour, day 6). The dataset acquired from these conditions was compared to the dataset from the postharvest conditions E3 and E4, which ultimately leads to the development of chilling injury in the fruit mesocarp. E3 (represented by the blue colour), was used to name fruit that was cold stored for 21 days and E4 (represented by the orange colour, day 26), corresponded to fruit that went through cold storage and then was allowed to ripen at 20°C.](1471-2164-11-43-1){#F1}

###### 

Fruits maturity and physiological parameters.

  Sample                     Firmness (N)   TSS (%)   Respiration Rate (mL CO~2~kg-1 h-1)   Ethylene production (μL C~2~H~4~kg-1 h-1 )   \% juice   Browning degree^3^
  -------------------------- -------------- --------- ------------------------------------- -------------------------------------------- ---------- --------------------
  Packing                    72.5^a^        10.7^a^   28.8^a^                               1.6^a^                                       \-^2^      \+
  Packing + ripening         7.9^b^         10.6^a^   110.8^b^                              4.7^a^                                       31.3^a^    ++
  Stored at 4°C              43.2^c^        11.1^a^   94.3^c^                               1.0^a^                                       \-^2^      \+
  Stored at 4°C + ripening   6.8^b^         \-^1^     98.2^c^                               18.1^b^                                      0.7^b^     +++/++++

TSS - Total soluble solids

^a,b,c^Values (means) followed by different small letters are significantly different within the same column at P = 0.05

^1^: No sample available for measurements

^2^: Juice can not be measured in these samples due to the high firmnes they present

^3^: Please refer to additional file [1](#S1){ref-type="supplementary-material"} for further details; + no browning; ++ no browning degree with a color change of the mesocarp; +++ medium browning degree; ++++ high browning degree

The data used in this table have been acquired from Campos-Vargas et al. Sci Hortic-Amsterdam 2006, 110(1):79-83

2-D map of peach mesocarp fruit developed using DIGE technology
---------------------------------------------------------------

2-D difference gel electrophoresis (DIGE) analysis was performed in order to identify changes in the amount of proteins present under different postharvest conditions. Figure [2](#F2){ref-type="fig"} presents a representative image from Cy5/Cy3 overlapped gels of the four postharvest conditions under evaluation. A reproducible protein pattern is observed throughout the evaluated stages, and some changes in content can be visually detected. On average, the gels exhibited 560 spots, from which 242 well-focused spots were chosen for further analysis because they were present in all of the Cy3 reference gels. About 85% of these proteins presented a pI ranging from 5.5 to 8.0 and were between 18 to 65 kDa in size (Figure [3](#F3){ref-type="fig"}, Table [2](#T2){ref-type="table"}). Some of the spots that were highly abundant or had a clear differential protein accumulation were identified by means of LC-MS/MS mass spectrometry (Table [2](#T2){ref-type="table"}). The results of this analysis showed coverage of over 15% for most proteins. A complete list of the protein sequences with peptides delivered by mass spectra is presented in the additional file [2](#S2){ref-type="supplementary-material"}.

![**2D gel merged Cy3/Cy5 representative images from conditions E1 to E4**. Gel images from the Cy3 control and Cy5 sample gels from each condition where superimposed and shown in one image. A general spot pattern is reproducibly seen in all gels; however, some proteins presented clear differential accumulations when compared to the Cy3 control gel. These proteins are highlighted by green (more abundant in the Cy3 control gel) and red (more abundant in the Cy5 sample gel) arrows.](1471-2164-11-43-2){#F2}

![**Representative 2-D gel Cy5 stained proteins from the fruit mesocarp of E2 condition**. Spots that encompass a range between 15 and 116 kDa and had pI values spanning pH 3 to 10 are visible. Mass spectrometry identified spots are pointed out by their identifying tags.](1471-2164-11-43-3){#F3}

###### 

Identified protein spots and their accumulation pattern

  Spot No.^a^   Assignment^b^                                           Species                                      Accesion No.^c^   pI (Th/Exp)   MW (Th/Exp)   Mowse score^d^   coverage %   E1 vs E2   E1 vs E3   E1 vs E4   E2 vs E3   E2 vs E4   E3 vs E4
  ------------- ------------------------------------------------------- -------------------------------------------- ----------------- ------------- ------------- ---------------- ------------ ---------- ---------- ---------- ---------- ---------- ----------
  N004          Low molecular weight heat shock protein                 \[Malus × domestica\]                        AAF34133          5.4/8.0       18.2/20.0     149              14.4         **-1**     **1**      **0**      **1**      **1**      **-1**
  N005          Glyceraldehyde-3-phosphate dehydrogenase                \[Nicotiana tabacum\]                        CAB39974          7.7/7.9       36.7/21.1     408              27.3         **-1**     **-1**     **-1**     **1**      **1**      **0**
  N011          Low molecular weight heat shock protein                 \[Malus × domestica\]                        AAF34133          5.4/7.3       18.2/21.2     155              25.0         **-1**     **0**      **-1**     **1**      **1**      **-1**
  N012          ADP-ribosylation factor B1C                             \[Arabidopsis thaliana\]                     NP_186962         7.7/7.2       21.7/21.2     50               13.0         **1**      **-1**     **-1**     **-1**     **-1**     **0**
  N014          ADP-ribosylation factor 1                               \[Solanum tuberosum\]                        CAA52468          6.8/7.1       22.6/19.6     316              26.9         0          0          0          0          0          0
  N021          PRU1_PRUAV Major allergen Pru av 1                      \[Prunus avium\]                             O24248            5.9/6.6       16.7/18.4     189              50.0         0          0          0          0          0          0
  N023          Small heat shock protein                                \[Retama raetam\]                            AAL32036          5.8/6.7       17.9/20.9     133              16.5         **-1**     **0**      **-1**     **1**      **1**      **-1**
  N026          Peroxiredoxin                                           \[Populus tremula × Populus tremuloides\]    AAL90751          5.6/6.5       17.4/20.4     107              21.0         0          0          0          0          0          0
  N027          Low molecular weight heat shock protein                 \[Malus × domestica\]                        AAF34133          5.4/6.3       18.2/22.0     258              25.0         **-1**     **-1**     **-1**     **1**      **1**      **0**
  N028          Eukaryotic translation initiation factor 4D             \[Medicago sativa\]                          CAA42065          5.5/6.3       17.7/19.7     119              13.7         0          0          0          0          0          0
  N029          Major allergen Pru p 1                                  \[Prunus persica\]                           ABB78006          5.8/6.4       17.6/19.0     530              45.5         **1**      **1**      **1**      **0**      **0**      **0**
  N031          Small heat shock protein                                \[Prunus persica\]                           AAR99375          6.0/6.3       17.4/18.5     286              50.6         **-1**     **-1**     **-1**     **1**      **1**      **0**
  N032          Small heat shock protein                                \[Prunus persica\]                           AAR99375          6.0/6.3       17.4/18.5     71               24.7         **-1**     **-1**     **-1**     **1**      **1**      **0**
  N033          Superoxide dismutase                                    \[Nicotiana plumbaginifolia\]                CAA39444          5.6/6.4       15.4/17       134              17.1         0          0          0          0          0          0
  N035          Thioredoxin H                                           \[Prunus persica\]                           AAL26915          6.0/5.6       18.1/14.5     234              38.2         **-1**     **-1**     **-1**     **1**      **1**      **0**
  N037          Low molecular weight heat shock protein                 \[Malus × domestica\]                        AAF34133          5.4/6.0       18.2/20.0     155              13.8         **-1**     **0**      **0**      **1**      **1**      **0**
  N042          NADH dehydrogenase subunit F                            \[Graffenrieda latifolia\]                   CAJ84510          7.8/7.7       28.7/28.0     91               6.7          **-1**     **0**      **-1**     **1**      **1**      **-1**
  N053          Manganese superoxide dismutase                          \[Camellia sinensis\]                        AAT68778          7.8/6.9       25.6/27.4     222              13.5         0          0          0          0          0          0
  N056          Putative quinone reductase                              \[Vitis vinifera\]                           AAO12869          5.6/6.6       17.6/26.8     111              9.8          0          0          0          0          0          0
  N073          Pectin methylesterase                                   \[Nicotiana tabacum\]                        CAB57457          9.9/8.1       29.3/36.3     68               4.5          **-1**     **-1**     **0**      **-1**     **1**      **1**
  N077          Porin                                                   \[Prunus armeniaca\]                         AAD38145          7.1/7.4       29.7/34.2     174              9.8          **1**      **0**      **1**      **-1**     **0**      **1**
  N083          Triose phosphate isomerase cytosolic isoform            \[Solanum chacoense\]                        AAR11379          5.7/6.9       27.0/30.6     111              15.4         0          0          0          0          0          0
  N084          Proteasome subunit alpha type 7                         \[Cicer arietinum\]                          Q9SXU1            6.9/6.8       27.0/31.6     115              14.5         0          0          0          0          0          0
  N086          Cytosolic ascorbate peroxidase                          \[Fragaria × ananassa\]                      AAB95222          5.7/6.5       27.2/30.2     231              16.0         0          0          0          0          0          0
  N093          Abscisic stress ripening-like protein                   \[Prunus persica\]                           AAL26889          5.7/6.2       20.8/31.1     142              34.7         **0**      **0**      **1**      **-1**     **1**      **1**
  N096          Quinone-oxidoreductase QR2                              \[Triphysaria versicolor\]                   AAG53945          6.4/6.3       22.1/27.4     102              37.6         0          0          0          0          0          0
  N111          Iron-binding protein                                    \[Pyrus pyrifolia\]                          ABD66595          5.4/5.8       19.5/29.3     116              11.3         **1**      **1**      **1**      **-1**     **-1**     **1**
  N138          Annexin                                                 \[Medicago sativa\]                          CAA52903          5.4/6.7       35.0/38.7     88               13.0         **1**      **1**      **1**      **0**      **-1**     **0**
  N139          Annexin                                                 \[Medicago sativa\]                          CAA52903          5.4/6.9       35.0/38.8     74               10.7         0          0          0          0          0          0
  N140          NAD-dependent malate dehydrogenase                      \[Prunus persica\]                           AAL11502          6.6/7.0       35.5/39.5     390              21.4         0          0          0          0          0          0
  N162          1-aminocyclopropane-1-carboxylate oxidase               \[Prunus persica\]                           CAA54449          5.2/5.5       36.2/43.7     279              35.0         **0**      **-1**     **-1**     **1**      **0**      **-1**
  N163          1-aminocyclopropane-1-carboxylate oxidase               \[Prunus persica\]                           CAA54449          5.2/5.6       36.2/43.7     363              28.0         **-1**     **0**      **-1**     **1**      **1**      **-1**
  N164          1-aminocyclopropane-1-carboxylate oxidase               \[Prunus persica\]                           CAA54449          5.2/5.7       36.2/43.7     778              53.3         **-1**     **0**      **-1**     **1**      **1**      **-1**
  N165          Oxidoreductase                                          \[Arabidopsis thaliana\]                     NP_173786         8.5/5.9       41.0/42.6     224              10.4         **0**      **-1**     **-1**     **-1**     **-1**     **0**
  N170          Actin                                                   \[Helianthus annuus\]                        AAF82805          5.6/5.8       41.7/49.2     979              45.4         0          0          0          0          0          0
  N172          Actin                                                   \[Helianthus annuus\]                        AAF82805          5.6/6.0       41.7/48.7     358              17.0         0          0          0          0          0          0
  N183          Alpha-1,4-glucan-protein synthase \[UDP-forming\]       \[Pisum sativum\]                            O04300            5.7/6.2       41.6/45.4     2002             40.1         **0**      **0**      **-1**     **0**      **-1**     **-1**
  N187          Anthocyanidin synthase                                  \[Prunus persica\]                           BAC98347          5.4/6.1       31.1/47.2     287              24.5         **0**      **0**      **-1**     **0**      **-1**     **-1**
  N193          Endopolygalacturonase                                   \[Prunus persica\]                           AAC64184          6.2/6.9       41.3/48.9     389              46.1         **-1**     **0**      **-1**     **1**      **1**      **-1**
  N201          NADP-dependent isocitrate dehydrogenase                 \[Prunus persica\]                           AAL11503          6.5/7.0       46.6/49.1     372              12.3         **-1**     **0**      **0**      **1**      **1**      **0**
  N208          Glutamate Dehydrogenase 1                               \[Arabidopsis thaliana\]                     NP_197318         6.4/7.2       44.5/47.9     147              8.8          **0**      **-1**     **-1**     **-1**     **-1**     **0**
  N209          Phosphoserine aminotransferase, chloroplast precursor   \[Spinacia oleracea\]                        P52877            8.3/7.7       47.2/47.6     231              11.2         **0**      **0**      **-1**     **0**      **-1**     **-1**
  N222          Quinone-oxidoreductase QR1                              \[Triphysaria versicolor\]                   AAG53944          9.4/8.2       34.9/46.1     158              9.4          **1**      **1**      **1**      **0**      **0**      **0**
  N228          Catalase                                                \[Prunus persica\]                           CAD42909          7.0/7.6       57.1/57.9     1356             51.8         **1**      **1**      **1**      **0**      **1**      **1**
  N229          Catalase                                                \[Prunus persica\]                           CAD42909          7.0/7.6       57.1/58.0     1151             40.4         **1**      **1**      **1**      **0**      **1**      **1**
  N231          Dehydrin-like protein                                   \[Prunus persica\]                           CAC00637          6.5/7.4       48.0/61.7     540              24.5         **-1**     **-1**     **-1**     **-1**     **-1**     **1**
  N232          Dehydrin-like protein                                   \[Prunus persica\]                           CAC00637          6.5/7.4       48.0/61.7     681              24.1         **0**      **-1**     **-1**     **-1**     **-1**     **0**
  N246          UTP-glucose-1-phosphate uridylyltransferase             \[Pyrus pyrifolia\]                          O64459            6.0/6.5       51.8/55.7     522              34.4         0          0          0          0          0          0
  N251          ATPase subunit                                          \[Beta vulgaris subsp. vulgaris\]            CAA48650          5.7/6.5       55.0/54.8     645              30.6         0          0          0          0          0          0
  N255          Pyruvate decarboxylase                                  \[Fragaria × ananassa\]                      AAL37492          6.0/6.9       65.3/71.3     70               6.8          **-1**     **-1**     **-1**     **1**      **-1**     **-1**
  N303          NADP-dependent malic enzyme                             \[Vitis vinifera\]                           P51615            6.1/6.4       65.2/65.4     600              16.4         0          0          0          0          0          0
  N304          NADP-dependent malic enzyme                             \[Vitis vinifera\]                           P51615            6.1/6.3       65.2/65.6     291              6.3          **1**      **1**      **1**      **-1**     **0**      **1**
  N305          Pyruvate decarboxylase                                  \[Fragaria × ananassa\]                      AAL37492          6.0/6.3       65.3/61.8     473              18.5         **-1**     **0**      **-1**     **1**      **-1**     **-1**
  N310          Thaumatin-like protein                                  \[Prunus persica\]                           AAM00216          8.3/7.0       25.8/33.2     99               8.5          **0**      **0**      **-1**     **0**      **-1**     **-1**
  N313          Glutathione S-transferase                               \[Cucurbita maxima\]                         BAC21261          7.7/6.1       25.0/28.3     102              6.0          **1**      **1**      **1**      **-1**     **-1**     **0**
  N322          Putative glycine-rich RNA binding protein 1             \[Catharanthus roseus\]                      AAF31402          8.7/6.1       14.2/16.4     40               11.0         **-1**     **-1**     **-1**     **-1**     **-1**     **0**
  N323          Hypothetical protein                                    \[Oryza sativa (japonica cultivar-group)\]   BAD87001          11.6/6.1      17.4/15.7     46               4.5          **-1**     **-1**     **-1**     **-1**     **-1**     **0**

^a^: Spot numbers as assigned in Figure 3.

^b^: Protein assignment based on LC-MS/MS identification.

^c^: Gene bank accession number.

^d^: Probability that the match is random. Only proteins with scores greater than the minimum value for MS-based identification confidence are reported. Additional data about MS are reported in the additional file [2](#S2){ref-type="supplementary-material"}.

The values in the columns 9 to 14 indicate if the protein accumulation pattern changes between the conditions shown above them. Positive values indicate a higher abundance in the first condition whereas negative values indicate the opposite situation.

The theoretical isoelectric points (pI) and molecular weight (MW) of the proteins were calculated and compared to the experimental data. Most of the spots identified showed a good relationship to their theoretical MW (additional file [3](#S3){ref-type="supplementary-material"}). Only the dehydrin and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) showed some discrepancies; however, the experimental pI and molecular weight values for the dehydrin match quite well to those described by Wisniewski et al. \[[@B17]\]. Posttranslational modification, abnormal electrophoretic mobility or a smaller molecular weight for the *Prunus persica*GAPDH may explain the differences detected in that regard.

Some of the spots identified had matching protein IDs but different isoelectrical points and/or molecular weights (Table [2](#T2){ref-type="table"}). In terms of their accumulation pattern, some displayed the same profile and others showed differences in their isoform. As Table [2](#T2){ref-type="table"} demonstrates, these spots include the following proteins: low molecular weight heat shock proteins, annexin, 1-aminocyclopropane-1-carboxylate oxidase, catalase, dehydrin, pyruvate dehydrogenase, actin and NADP-dependent malic enzyme. Overall, 58 distinct peach fruit mesocarp proteins were identified in this study.

Multivariate analysis of the data through Hierarchical Clustering and PCA
-------------------------------------------------------------------------

In order to detect real changes in protein accumulation among the four postharvest conditions evaluated, the experimental data from 2-D gels were screened before being used for statistical analysis (see material and methods). A one-way analysis of variance (ANOVA) followed by a false discovery rate correction (FDR) allowed us to determinate that 43 -about 18% of the spots analyzed- showed statistically significant changes. Thirty-nine of these proteins could be detected and excised from the gels and then identified by mass spectrometry. Some of the identified proteins that changed during postharvest such as endopolygalacturonase (EndoPG) and the 1-aminocyclopropane-1-carboxylate (ACC oxidase) had been linked to the peach fruit ripening process \[[@B18],[@B19]\]. Some, like dehydrin-like and thaumatin-like protein, had been detected in cold stressed plant tissues \[[@B20]\] (Table [2](#T2){ref-type="table"}).

A graphical display of the relationship between the differentially accumulated proteins was obtained using pairwise average-linkage cluster analysis, a technique that cluster together proteins with similar patterns of expression among different postharvest treatments \[[@B21]\]. Four general trends in the data could be visualized by this method, as displayed in Figure [4](#F4){ref-type="fig"}. The first group (GI) is represented by sixteen proteins that showed a pronounced increase during the normal softening process (E1-E2) compared to the absence of a noticeable increase in protein accumulation during the softening of cold stored fruit (E3-E4). This behaviour is exemplified by a group of proteins that cluster with a thioredoxin H, a protein that has an important role in the cellular redox regulation \[[@B22]\]. Group II showed twelve proteins that under the normal postharvest storage presented a decrease in their content between E1 and E2. An example of this is observed in the case of a catalase (N228), which showed its higher levels during E1 compared to E2 and E3, to decline even further in E4. Group III is represented by four proteins that have a pronounced accumulation only in the abnormal ripening that follows the low temperature storage (E4), like an anthocyanidin synthase and other proteins that cluster along with it. Group IV is composed by seven proteins that did not present any change between E1 and E2 fruit, whereas their level increased in E3, remaining constant in E4. One of those proteins is a dehydrin, which exhibit a clear high level in chilling stressed fruit (E3-E4) compared to healthy fruit (E1-E2). Some proteins did not fit in these four general clusters. For instance, two pyruvate decarboxylases (spots N255 and N305) were up-regulated in the softening process that leads to the development of chill injured fruit (transition from E3 to E4) more than in the normal ripening process (transition from E1 to E2). The protein pectin metilesterase (N073) also had a particular accumulation pattern, since it was up-regulated in the normal ripening process, whereas in the transition from E1 to E3 this increment was even higher. No other protein showed a similar trend. The EndoPG protein (spot N193) was also located in a different group, due to the degree of differences among its accumulation levels in the four postharvest conditions.

![**Multivariate analysis of 2-D gel data**. Data from the forty three spots that showed a statistically significant change were hierarchically clustered using an average linkage algorithm and Euclidean distance as the distance metric. Four main groups were identified as indicated in the left side of the figure (GI-GIV). Proteins that have a similar accumulation pattern tend to cluster together.](1471-2164-11-43-4){#F4}

A Principal Component Analysis (PCA) evaluation was performed in order to identify the most relevant features of the data set retrieved from the 2D-DIGE gels \[[@B23]\]. The PCA identifies new variables, called principal components, which are linear combinations of the original variables. These new features can describe a large amount of data in a lower dimensional space, which makes the PCA a useful tool for data categorization. The analysis of the weight loadings associated with each spot indicates which proteins have the greatest impact on the trends observed in the score plots (Figure [5](#F5){ref-type="fig"}). The first component was able to separate mature samples (E1 and E3) from ripe ones (E2 and E4). Endopolygalacturonase (N193), a thaumatin-like protein (N310) and a small heat shock protein (sHSP, N031) were among the proteins that had the higher impact in the ripe fruit classification. A catalase (N228) and an annexin (N138) were important for the trend observed for the mature fruit (additional file [3](#S3){ref-type="supplementary-material"}). The second component was able to differentiate chilling injured fruit samples (E4) from the ripe healthy fruit samples (E2). Again, the EndoPG (N193) and the sHSP (N031) had a high impact on the ripe healthy fruit trend, along with a NADP-dependent isocitrate dehydrogenase (N201). The proteins anthocyanidin synthase (N187), thaumatin-like protein (N310), alpha-1,4-glucan-protein synthase (N183) and phosphoserine aminotransferase (N209) were very relevant in differentiating chilling injured fruit from healthy fruit, which supports the results obtained by the hierarchical clustering. The third component differentiated between the fruit sample that was stored at low temperature (E3) and the mature fruit sample (E1) (Figure [5](#F5){ref-type="fig"}). A pectin methylesterase (N073) and a dehydrin-like protein (N232) played an important role in differentiating between the chilling injured fruit, while a Major allergen protein Pru p I (N029) displayed the opposite behavior. Interestingly, some proteins that were classified as not statistically differentially accumulated had a high impact on the PCA trends (additional file [3](#S3){ref-type="supplementary-material"}). This difference may be due to a false negative type II error. Finally, the three principal components represent nearly 56% of the original variance, with values of 25.9%, 19.3% and 11.3%, respectively, for the PC1, PC2 and PC3 components.

![**Principal Component Analysis of the samples analyzed**. Principal component analysis score plots of first, second and third components are shown. It is possible to visualize how the samples can be separated by its ripeness condition (PC1), by their juice content (PC2) as well as by its exposure to cold temperatures (PC3). PCA has been performed on a covariance matrix. Each dot of the same colour represents a gel replicate.](1471-2164-11-43-5){#F5}

Characterization of the differentially accumulated proteins
-----------------------------------------------------------

In order to generate an overview of the most relevant biological processes involved in fruit softening and its response to the low temperature storage, a categorization of differentially accumulated proteins was performed based on the Gene Ontology (GO) annotation. This standardized categorization system provides a less subjective and more reproducible assignment of the biological processes underlying the chilling injury development \[[@B24]\]. Figure [6](#F6){ref-type="fig"} displays the results obtained from the QuickGO tool. As expected, almost 25% of the proteins differentially expressed were associated with the biological processes \'response to stress\' and \'cellular homeostasis\'. The relevant impact detected in processes related to the metabolism of carbohydrates and amino acid metabolism (11% in total) is also noteworthy.

![**Categories distribution of the identified differentially accumulated proteins**. The proteins that showed a statistically significant change were functionally sorted into 15 functional categories according to the Gene Ontology annotation. Counts indicate the number of hits that match each functional category.](1471-2164-11-43-6){#F6}

Figure [7](#F7){ref-type="fig"} presents a summary of all the protein changes. The highest number of changes was detected between the E1 and E4 (39), and the smallest number was presented between E1 and E3 (25). These patterns correlate with those observed in the PCA score plots (Figure [5](#F5){ref-type="fig"}). The individual profiles of each protein are depicted in the additional file [3](#S3){ref-type="supplementary-material"} and some of the most relevant changes detected are shown in Figure [8](#F8){ref-type="fig"}.

![**Summary of the protein changes detected among the postharvest conditions evaluated**. The number of spots whose accumulation profile is altered is shown. As an example, 22 proteins are up-accumulated during the transition from stages E1 to E2 whereas 12 are down-regulated between these conditions.](1471-2164-11-43-7){#F7}

![**Accumulation pattern of proteins differentially expressed in mature (E1), ripe (E2), cold stored (E3) and chilling injured (E4) post-harvest conditions**. Images from sections of two-dimensional gels are shown. Spots that have a clear differential accumulation pattern in some of the conditions, E1 to E4, are pointed by arrow heads. Their names and spot numbers follow the manuscript annotation. CI fruit - chilling injured fruit.](1471-2164-11-43-8){#F8}

Discussion
==========

Peaches are climacteric fruit that display a decrease in mesocarp texture firmness. Melting varieties present a marked softening of this region. This process is less pronounced in non-melting varieties \[[@B25]\]. In *Prunus persica*, it forms part of the final stages of a broader phenomenon, the fruit ripening \[[@B26],[@B27]\]. Of the physiological changes that the fruit displays during its ripening, the accumulation of soluble solids and changes in colour and aroma are very relevant for consumer acceptability. These attributes are severely affected in fruit that has been exposed to low temperatures for a prolonged amount of time \[[@B6]\]. This study identified several proteins that may be related to changes in fruit metabolism during cold storage and the subsequent ripening that leads to the development of chilling injury. These proteins are mainly linked to processes such as response to stress, cellular homeostasis, cellular component organization and carbohydrate metabolism (Figure [6](#F6){ref-type="fig"}). Our discussion will be guided by those general categories.

Cellular component organization - Cell Wall Metabolism
------------------------------------------------------

The drastic changes in the texture of the fruit mesocarp in the melting varieties have been associated with a massive solubilization and depolymerization of pectin-derived polyuronides. These changes correlated with the concerted action of two proteins, endopolygalacturonases (EndoPG) and pectin methylesterases (PME) \[[@B28]\]. The main PME function is demethylation of the polyuronides so that they can be degraded by the EndoPG. Therefore, these proteins play an important role in dismantling the cell wall. Both the EndoPG and the PME are encoded by multi-gene families. Recently, Murayama et al. (2009) identified one member of each that is up-regulated above the other members during peach fruit softening, namely PpPG2 and PpPME2. PpPG2 is the EndoPG detected in our 2-D peach fruit gels and PpPME2 resembles the one we identified (N193 and N073, respectively; additional file [2](#S2){ref-type="supplementary-material"}). Additionally, they increase as we go from mature (E1) to ripe fruit (E2) (Table [2](#T2){ref-type="table"}, Figure [8A](#F8){ref-type="fig"}). Several groups have reported changes in the degree of methylesterification and size of the homogalacturonans, which are localized to the middle lamella of the wall (Brummell et al. \[[@B18]\] and references therein). The PME levels that we detected were consistently remarkably higher at the end of cold storage (E3) than they were during normal fruit softening, whereas the levels of PpPG2 decreased to a minimum \[[@B18]\]. High PME activity during the cold storage could partially de-methylesterify homogalacturonans, which would maintain a high molecular weight due to the lack of EndoPG, protein that remains low in ripe chilling injured fruit (Figure [8A](#F8){ref-type="fig"}). It has been suggested that these large polymers are involved in the lack of juiciness characteristic of the mealy fruit \[[@B6]\].

It also has been reported that the arabinose (Ara) content of cell wall polysaccharides is different in chilling injured peaches \[[@B18]\]. Arabinose is mainly found in the cell wall Ara-containing polymers in the furanose ring configuration, though the substrate for this transfer (UDP-L-arabinofuranose) has not been found in plants \[[@B29]\]. Our results showed that accumulation of an α-1,4-glucan-protein synthase (N183), increased exclusively in chilling injured fruit (Figure [4](#F4){ref-type="fig"} and Figure [8A](#F8){ref-type="fig"}). This protein is highly homologous to a rice UDP-arabinopyranose mutase (UAM), an enzyme that catalyzes the formation of UDP-L-arabinofuranose from UDP-L-arabinopyranose \[[@B30]\]. This increase suggests that this protein and the arabinans are linked to the development of chilling injury in *Prunus persica*. The results from the PCA (Figure [5](#F5){ref-type="fig"}, additional file [3](#S3){ref-type="supplementary-material"}) support the relevance of PpPG2, PME and UAM in the development of the chilling injury.

Response to stress and cellular homeostasis
-------------------------------------------

Fruit senescence can be considered as an oxidative phenomenon \[[@B31]\] that requires the presence of ROS (reactive oxygen species) in order to achieve a degradation state that will allow the seed release to occur. Several enzymes involved in ROS metabolism are expressed in early stages of fruit development and ripening and gradually are turned off as the fruit approaches senescence, making it more susceptible to be damaged by these molecules \[[@B31]-[@B34]\]. As shown in Figure [4](#F4){ref-type="fig"}, most of the proteins that are up-regulated in the mature fruit are related to ROS metabolism and show a decrease in their accumulation from mature to ripe fruit. After low temperature storage, their levels decrease in cold stored fruit (E3). As a result, the fruits\' capacity to withstand cold induced stress is perturbed.

One of the most important enzymes involved in the control of ROS generation, particularly hydrogen peroxide, is catalase (CAT). At least two catalases have been identified in *P. persica*\[[@B35]\]. Until now, the only isoform detected in the 2-D gels is catalase 2 (spots N228 and N229, Table [2](#T2){ref-type="table"}) \[[@B36]\], which appears in two spots with the same pI an different MW. Our results show that both spots are more abundant in firm fruit and decreased significantly in healthy soft fruit. A similar expression trend was found in apricot \[[@B37]\] and in tomato and saskatoon (*Amelanchier alnifolia*Nutt.) \[[@B38],[@B39]\]. Peach fruit stored at 4°C for three weeks showed reduced catalase accumulation (Table [2](#T2){ref-type="table"}). This result is supported by Wang et al. \[[@B40]\], who measured significantly lower CAT activity in peach fruit (*P. persica*cv. Okubao) stored at 0°C for 30 days as compared to controls. This negative effect on CAT accumulation could be harmful to the cold stored fruit due to the higher levels of H~2~O~2~that could be present in their cells. The hydrogen peroxide would not only affect the redox status of the cell, but could influence signal transduction cascades, since this molecule has been postulated as a second messenger for signals generated by means of ROS \[[@B41]-[@B43]\].

The content of the iron binding protein ferritin (N111) changed in a manner that is similar to the catalase accumulation pattern. Interestingly, its biological function is also linked to the ROS metabolism, though its mechanism of action is somehow different. Ferritin can control the free iron concentration inside the cell and thus reduce its availability for the production of hydrogen peroxide derived hydroxyl radical \[[@B44]\]. Moreover, this protein has been shown to play a crucial role in the interaction between the iron homeostasis and oxidative stress in *Arabidopsis*, where its absence increased ROS levels as well as the activity of enzymes involved in their detoxification \[[@B45]\].

On the other hand, peach fruit that went soft without being exposed to cold storage accumulated small heat shock proteins. This seems to be a common ripening regulatory mechanism in fruit \[[@B46]-[@B48]\] as these proteins serve as protein chaperones and membrane stabilizers \[[@B48]\]. A low molecular weight heat shock protein (PpsHSP1) was identified in four spots with different molecular weight and pI. This protein shows an identity of 76% with carrot (*Daucus carota*) HSP, whereas a small heat shock protein (PpsHSP2) was found in two spots and shows an identity of 82% with a 17.4 kDa HSP protein from *Quercus suber*. Both proteins have been linked to the stabilization of cell components when facing stress conditions such as heat and oxidative stress \[[@B38],[@B49],[@B50]\]. The lower level of these proteins in the chill injured fruit would reduce their capacity to cope with oxidative stress.

The protein thioredoxin (TRX), which was found to increase during softening, plays an important role in cellular redox regulation \[[@B22]\]. TRXs are small, widely distributed proteins. Thioredoxin H (spot N035) has been associated with fruit ripening in several species, including peaches \[[@B51]-[@B53]\]. It has also been found to be responsive to abiotic stress stimuli such as chilling injury and drought \[[@B54],[@B55]\]. Interestingly, both sHSPs \[[@B56]\] and the cGAPDH \[[@B57]\], which cluster together with the TRX (Figure [4](#F4){ref-type="fig"}), have been identified as established or potential targets of this protein.

One of the most abundant proteins in our gels was identified as an abscisic stress ripening-like protein (N093). It showed a slight, non-statistically significant increase between mature and ripe fruits and a clear down-regulation in mealy fruits (Table [2](#T2){ref-type="table"}). This protein belongs to the ABA/WDS induced protein family (PFAM family ID PF02496) which is composed of plant proteins induced by water deficit stress or abscisic acid (ABA) stress and ripening. Frankel et al. \[[@B58]\] found that the banana ortholog presented a differential accumulation between two varieties with contrasting susceptibility to dehydration. It was highly accumulated in the tolerant one and virtually absent in the sensitive variety under normal conditions \[[@B59]\]. A similar situation was reported by Riccardi et al. in maize \[[@B60]\]. This protein may have protective function against dehydration in mature, ripe and cold stored fruit, though this protection is somehow diminished in mealy fruit. Further work must be done in order to determinate the function of this abundant protein in peach fruit and explain its decrease in chilling injured fruit.

The thaumatin-like protein (TLP) is an ethylene inducible protein. Its transcript has been shown to be highly expressed in overripe fruit and senescent flowers but not in senescent leaves \[[@B61]\]. This differential expression also has been reported in susceptible and chilled-injury resistant peach fruit varieties, although its relationship to this phenomenon was not established (Figure [8B](#F8){ref-type="fig"}, Table [2](#T2){ref-type="table"}) \[[@B62]\].

Response to abiotic stimulus
----------------------------

The 1-aminocyclopropane-1-carboxylate oxidase 1 (PpACO1; spots N162, N163 and N164; Table [2](#T2){ref-type="table"}) is one of the main enzymes that control ethylene biosynthesis because it is responsible for converting 1-aminocyclopropane-1-carboxylate (ACC) into ethylene. Peach physiological measurements indicated that there were a good relationship among the ethylene levels and the ACO accumulation pattern at E1, E2 and E3, i.e., higher levels of ACO correlated with higher levels of ethylene. However, when peaches stored at low temperatures were allowed to ripen and became chill injured, the ethylene levels where significantly higher than they had been in the healthy fruit. This behaviour is similar to that which is observed in nectarine fruit ripened upon cold storage \[[@B63]\]. This ethylene increase did not correlate with PpACO1 content (Figure [8C](#F8){ref-type="fig"}). It is known that the main regulatory step in the ethylene synthesis in peaches is related to the *Prunus persica*1-aminocyclopropane-1-carboxylate synthase 1 (PpACS1) transcriptional and/or translational control \[[@B64]\]. However, we did not identify PpACS1 in this study and therefore cannot rule out the possibility that the ethylene increase observed in the E4 stage is associated to this protein. The posttranslational regulatory mechanisms that determine its presence in three different spots may help to explain this situation.

It is well known that dehydrins are induced by environmental stress factors like cold stress that result in cellular dehydration \[[@B65],[@B66]\]. We found that a peach dehydrin-like protein (N228 and N229) was accumulated during the cold storage. This protein was also accumulated in the fruit that softened at room temperature after the exposure to cold. It is known that ethylene can induce the accumulation of dehydrins \[[@B67],[@B68]\]. Given that ethylene is elevated in chilling injured fruit, it is likely that this could induce the increase of dehydrin (Figure [8C](#F8){ref-type="fig"}). The presence of another dehydrin (dehydrin2) in cold stored fruits also was reported \[[@B62]\]. Wisniewski et al. (2006) \[[@B66]\] demonstrated that both dehydrins had a different expression pattern in peach bark, leaf and embryo. However, no one has evaluated their behaviour in fruit mesocarp or the possibility that enhancing their presence in the fruit could improve or protect enzyme activities.

Another protein with increased accumulation during cold storage was a glutamate dehydrogenase (GDH). In their study of tobacco and grapevine, Skopelitis et al. \[[@B69]\] demonstrated that GDH accumulation was induced under ROS generating conditions such as high salt concentration and involved in the formation of glutamate, which in turn was used for proline biosynthesis, a molecule that could have a protective effect on cellular membranes \[[@B70]\]. GDH has also been implicated in cold tolerance \[[@B71]\] and associated with senescing organs. Ogundiwin et al. (2008) \[[@B62]\] using a transcriptomic approach detected an increase in the expression of a glutamate dehydrogenase in cold treated peach mesocarp tissue samples as compared to the control material, which is similar to the protein accumulation pattern detected in this publication. This pattern fits well with its stress responsive regulation (Table [2](#T2){ref-type="table"}).

Carbohydrate and amino acid metabolism
--------------------------------------

Cytosolic GAPDH (cGAPDH, N005) is a protein implicated in the conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate in the glycolytic pathway. An increase in this protein, which is affected in fruit stored at low temperatures, was detected during the transition from mature to ripe fruit. Experiments in cell suspension cultures of *A. thaliana*determined that these proteins may be an important target for hydrogen peroxide \[[@B72]\], being inactivated *in vitro*by H~2~O~2~. Thus, the authors suggested that cGAPDH also may play a role in mediating ROS signalling in plants.

NADP-isocitrate dehydrogenase (NADP-ICDH; N201) is another protein that presented a clear increment in its levels during fruit softening (transition from E1 to E2, Table [2](#T2){ref-type="table"}). This protein catalyzes the conversion of isocitrate to 2-oxoglutarate, generating NADPH. It can be implicated in several processes such as the supply of NADPH, an important source of reducing power for the antioxidant fruit system \[[@B73]\]; the catabolism of organic acids in peach, with the concomitant decrease in the levels of organic acid content \[[@B74]\] and/or the degradation of stored carbon fuels in ripe fruit, such as sugars \[[@B27]\]; and the synthesis of 2-oxoglutarate, an organic acid involved in the coordination of the carbon-nitrogen metabolism \[[@B47]\]. Consequently, a decrease in this protein during the abnormal ripening that follows cold storage could have an important impact on the fruit\'s ability to withstand its metabolism as well as in its organoleptical characteristics. This statement is supported by the key role that it plays in separating healthy fruit from chilling injured ripe fruit in the PCA analysis (Figure [5](#F5){ref-type="fig"}, additional file [3](#S3){ref-type="supplementary-material"}).

The accumulation profile of NADP-dependent malic enzyme (NADP-ME, N304) is quite different from that of its counterpart NADP-isocitrate dehydrogenase. The former is preferentially expressed in mature fruit and down-regulated in ripe fruit. This profile fits with the one detected by Western Blot in peach fruit cv. Dixiland \[[@B27]\]. This protein, which uses malate to generate pyruvate and NADPH, may be relevant for the energy balance in the mature fruit \[[@B74]\]. This function would be affected in cold stored fruit (Table [2](#T2){ref-type="table"}) and would constitute a source of stress.

The protein phosphoserine aminotransferase (PSAT; N209; Figure [8B](#F8){ref-type="fig"}) is preferentially accumulated in chilling injured fruit. It catalyzes the reversible formation of 2-oxoglutarate and phosphohydroxypyruvate to phosphoserine in the phosphorylated pathway of serine biosynthesis \[[@B75],[@B76]\]. Therefore, it could be an important source of 2-oxoglutarate for a chilling injured fruit facing a down regulation of the NADP-ICDH accumulation. Nevertheless, instead of using the 2-oxoglutarate as a product, the enzyme could be helping the biosynthesis of serine. This amino acid is involved in the formation of compounds such as glycine betaine, which could have a beneficial effect on chilling stressed plants \[[@B76]\]. There is a need for more exhaustive studies of the metabolic effects of this enzyme on cold stressed fruit.

The accumulation pattern for the pyruvate decarboxylase (PDC) proteins (N255 and N305) also was detected by a microarray approach and activity assays in peach fruits \[[@B27],[@B77]\]. During a process known as ethanolic fermentation, pyruvate is decarboxylated to acetaldehyde through the action of PDC. Thereafter, acetaldehyde is converted to ethanol by alcohol dehydrogenase (ADH). The ethanol and acetaldehyde generated could be used for the synthesis of ethyl esters, which are aroma constituents \[[@B77]\]. However, it has been reported that this fermentative pathway could have many others functions and be triggered by environmental stress like chilling \[[@B78]\]. Moyano et al. \[[@B79]\] showed that the strawberry fruit PDC1 responds to oxidative stress. Something similar could be present in chilling injured peach fruits \[[@B8]\], inducing a higher accumulation of the peach PDCs under this condition as compared to normal fruit. These higher levels of acetaldehyde could be beneficial for the cold stored fruit due to the inhibition of ethylene production \[[@B27]\]. The possibility of generating energy for the fruit through this pathway when mitochondrial respiration has been hampered may be crucial to the survival of chilling injured fruit \[[@B48]\].

Generation of precursor metabolites and energy
----------------------------------------------

Chloroplasts of higher plants contain the Ndh complex, which catalyzes the transfer of electrons from NADH to plastoquinone. This complex, together with electron draining reactions, protects plants against photo-oxidative-related stresses through the poise of the redox levels of the cyclic photosynthetic electron transporters \[[@B80]\]. During senescence, the expression of Ndh genes and the activity of the Ndh complex increase \[[@B81]\]. The higher levels of the subunit f (Ndhf, N042) of this complex in the ripe fruit are consistent with the developmental accumulation pattern. However, its deregulation, for example, by its over-expression, triggers the production of ROS, inducing programmed cell death in leaves \[[@B80]\]. Chloroplasts are present in green plant tissues and converted into chromoplasts during fruit ripening. In tomato (*Solanum lycopersicum*) and bell pepper (*Capsicum annuum*) fruit, chromoplasts accumulate both plastid encoded mRNAs and determined proteins at low levels, being translationally active \[[@B82]\]. The same situation seems to be present in peach fruit, which presents an active accumulation of this protein during ripening. It is plausible that levels of this protein, which is inserted in the thylakoid membrane, could have been affected by exposure to low temperatures, which are known to alter the cell membranes\' conformation and structure \[[@B48]\]. This situation would lead to an imbalance in the natural senescence process in cold stored peach fruit and ripe cold injured fruit.

Signal Transduction and Transport
---------------------------------

An ADP-ribosylation factor (ARF; N012) also was accumulated during cold storage and ripening, suggesting that membrane trafficking may be altered during cold storage. ARFs work like GTP-dependent switches for the assembly/disassembly of the coat proteins driving vesicle budding/fusion \[[@B83]\]; however, they are linked to other processes such as alteration of membrane lipid compositions and act in remodelling various cell membrane compartments \[[@B84],[@B85]\]. Changes in membrane composition and structure, with a concomitant increase in permeability, are among the first events triggered by chilling stress \[[@B48]\]; Efficient membrane trafficking therefore would be required in fruits under this condition \[[@B86]\]. During ripening, high levels of ROS also would damage the membrane. ARFs could be over-expressed under stress to counteract the continuous membrane fruit tissue harm.

Annexins are a diverse, multigene family of calcium-dependent, membrane-binding proteins that serve as targets for Ca^+2^in most eukaryotic cells. The main property of nearly all annexins is the binding to and possibly holding together of certain biological structures, especially membranes \[[@B87]\]. These proteins thus have the capacity to interact with lipid and protein moieties at the membranes, contributing to stress adaptation via regulation of various signalling pathways \[[@B88]\]. Due to its accumulation profile and the characteristics of these proteins, it may be involved in regulating stress-activated signalling pathways. This role is lost in the fruit which has been stored at low temperatures (Table [2](#T2){ref-type="table"}).

Other metabolic processes
-------------------------

The proteins that were up-regulated exclusively in fruit with chilling injury symptoms included an an anthocyanidin synthase (ANS; synonym LDOX - leucoanthocyanidin dioxygenase; N187; Figure [8B](#F8){ref-type="fig"}). This protein is one of the four dioxygenases (DOX) of the flavonoid biosynthetic pathway that has normally been associated with the conversion of leucoanthocyanidins to anthocyanidins \[[@B89]\], substrates for the synthesis of anthocyanin, a major pigment in fruit and flowers. Even though anthocyanidins are red in colour \[[@B90]\], under certain circumstances they can be enzymatically processed and derive into compounds that can be readily oxidized by polyphenol oxidases (PPO) and peroxidases (POD), yielding a brown colour \[[@B91],[@B92]\]. Tissue browning is one of the symptoms associated to chilling injury and the \'O\'Henry\' variety is prone to it \[[@B18]\] (Table [1](#T1){ref-type="table"}; additional file [1](#S1){ref-type="supplementary-material"}). However, the mechanism that causes this problem is still under investigation \[[@B6]\]. ANS accumulation in chilling injured fruit could enhance the synthesis of anthocyanidins in the fruit mesocarp and increase the substrates for POD and/or PPO. The recent identification of the ANS gene as the responsible for a QTL affecting browning in peaches, strongly supports our hypothesis \[[@B93]\]. It also strengthens the use of proteomics as a tool for the identification of markers that could potentially be useful in assisted breeding \[[@B55]\].

A glutathione S-transferase (GST; N313) was detected in the peach fruit 2-D gels and was preferentially expressed in mature (E1) fruit. This protein belongs to the tau subfamily, which is one of the four subfamilies that have been described. It is involved in cellular detoxification due to its ability to conjugate endobiotic and xenobiotic compounds to glutathione \[[@B94]\]. Its accumulation profile is quite similar to that of the annexin, which suggests fruit has active systems for coping with stress that run parallel to the action of CAT (N228 and N229). The down-regulation of these proteins and related metabolic mechanisms may be detrimental for fruit proper softening.

Changes in fruit ripening have been assessed mostly using transcriptomics \[[@B62],[@B77],[@B95]\]. However, some discrepancies have been found between transcript content analysis and proteins content analysis. A few proteomics analyses in peaches have been recently reported and their focus has been the analysis of fruit-pathogen interaction \[[@B27],[@B36]\]. Obenland et al. \[[@B96]\] described the comparison between juicy and mealy fruit using 2-D analysis. They described five proteins as differentially accumulated between both stages. In addition, Borsani et al. \[[@B27]\] used 2-D DIGE to evaluate the protein changes during postharvest. They found 5 proteins that were differentially accumulated. Our study focused on the analysis of four postharvest stages including firm (E1), soft (E2), cold stored (E3) and chill-injured (E4) fruits. Therefore, we covered a broader set of postharvest conditions, enabling us to identify changes in a larger set of proteins. Thus, we got a deeper outlook of the molecular events that take place during softening and chilling injury.

Conclusion
==========

Using a comparative proteomic approach with 2-D DIGE allowed us to identify proteins that showed stage-specific changes in their accumulation pattern. Several proteins that are related to response to stress, cellular homeostasis, cellular component organization and carbohydrate metabolism were detected as being differentially accumulated. Finally, a significant proportion of the proteins identified had not been associated with softening, cold storage or chilling injury-altered fruit before; thus, comparative proteomics has proven to be a valuable tool for understanding fruit softening and postharvest.

Methods
=======

Physiological parameters and experimental design
------------------------------------------------

Large to medium size fruit from \'O\'Henry\' variety were harvest in the Aconcagua valley, Chile. Change in fruit ground color was considered to be a harvesting index. After selection, the peaches were transported to a packing facility for cooling. Fruit maturity and physiological parameters were measured at packing (E1), shelf-life at 20°C (E2), cold room storage (E3) and cold room storage plus shelf-life (E4). For further details please refer to Campos-Vargas et al \[[@B7]\].

Protein extraction
------------------

Due to the significant biological variability expected from fruit harvested in the field, which is subjected to varying environmental conditions, four samples were pooled for each of the four conditions under evaluation. This approach should help reduce the inherent variation from the biological samples used in this study. About 0.5 g of mesocarp tissue from four fruits with similar physiological parameters were mixed and ground into a fine powder in liquid nitrogen using a mortar. The powder was mixed with 5 ml of protein extraction buffer containing sucrose 0.7 M, Tris base 0.5 M (pH 7.8), HCl 0.03 M, KCl 0.1 M, EDTA 0.005 M, DTT 0.002 M and PMSF 0.002 M, according to Abdi et al. \[[@B97]\]. A volume of 5.5 ml of Tris-saturated phenol pH 8.0 was added, and this phenol/aqueous solution was shaken vigorously for 5 min at room temperature. The phases were then separated by centrifugation at 8,500 × *g*for 14 min at 4°C. The phenol phase was recovered and re-extracted with an equal volume of protein extraction buffer and 1 ml of Tris-saturated phenol pH 8.0. The protein fraction was precipitated for two hours at -20°C by the addition of five volumes of 0.1 M ammonium acetate dissolved in methanol at -20°C. The precipitated material was collected by centrifugation at 8,500 × *g*for 12 min and the protein pellets were washed three times with cold ammonium acetate in methanol and once with 80% acetone at -20°C. The pellet was air dried at room temperature until the next day and solubilised in approximately 300 μl of buffer containing 7 M Urea, 2 M Thiourea, 0.4% ASB-14, 1.2% CHAPS, 10 mM Tris-HCl pH 8.5 (UTAC buffer). Samples were incubated at 25°C for 10 min and then pelleted by centrifugation at 12,000 × *g*for 15 min at room temperature in order to remove insoluble material. Protein concentration of these samples was determined by Bradford assay\[[@B98]\] using BSA as standard. Small amounts of sample were used for quantification to minimize interference of IEF compounds in the Bradford assay.

2-D DIGE experimental design
----------------------------

Equal amounts of protein extracted from the fruit pools from the four conditions evaluated were mixed and then covalently labelled with the Cy3 fluorophore. This sample was used as reference in all the gels run. Cy5 dye was used to label each of the four protein treatment pools separately. In order to ensure statistical significance for the data obtained, three gels were run for each treatment, yielding a total of 12 gels.

Protein-cyanine dye labeling
----------------------------

Protein labeling was performed according to the manufacturer\'s recommended protocol (GE Healthcare/Amersham Biosciences). Cy3 and Cy5 N-hydroxysuccinamide (NHS) esters were freshly dissolved in anhydrous N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and spun down for 30 seconds. The reference sample was covalently labelled with Cy3 fluorophore and samples from E1-E4 postharvest treatment were Cy5 labelled. In each case 50 μg of protein was labelled with 200 pmol of amine-reactive cyanine dyes. The labeling mixture was incubated on ice in the dark for 30 min and centrifuged at 12,000 × g for 5 min at room temperature. The reaction was terminated by adding 1 μl of 10 mM lysine (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), and incubated on ice for 10 min. Cy3 labeled proteins were mixed with an equal amount of Cy5 labeled proteins and an equal volume of UTAC buffer plus 0.5% v/v ampholites 5-7 and 0.25% v/v ampholites 3-10. Finally, prior to IEF, samples were supplemented with 20 mM Dithiothreitol (DTT) and 2 mM Tris (2-Carboxyethyl) phosphine (TCEP) and buffer UTAC plus 0.25% v/v ampholites 5-7 and 0.12% v/v ampholites 3-10 to reach a final volume of 310 μl. All steps were performed at low light intensity.

2-D gel electrophoresis
-----------------------

Isoelectric focusing (IEF) was performed using a PROTEAN IEF Cell (Bio-Rad) and 17 cm length ReadyStrip IPG strips of pH range 3-10 NL (non-linear). A protein solution was loaded into IEF strip. After 20 minutes of incubation at room temperature, the strip was overlaid with mineral oil. Isoelectric focusing was undertaken using the following conditions: instrument temperature 20°C; maximum current limit 80 μA/strip; active rehydration at 50 V (volt) for 11 h; step 1, step-n-hold at 150 V for 25 minutes using rapid ramping; step 2, step-n-hold at 300 V for 60 minutes using rapid ramping; step 3, step-n-hold at 3,000 V for 3 h using normal ramping and step 4, step-n-hold at 8,000 V for 8 h using rapid ramping. On average, gels ran for 70,000 volt hours (Vh). After first dimension, proteins on the IPG strips were reduced and alkylated prior to electrophoresis by equilibrating the strip at room temperature for 10 min in Sodium Dodecyl Sulphate (SDS) equilibration buffer (375 mM Tris-HCl, pH 8.8, 6 M Urea, 20%(v/v) Glycerol and 2%(w/v) SDS) containing 2% (w/v) DTT followed by incubation for a further 10 min in SDS equilibration buffer containing 2.5% (w/v) Iodoacetamide instead of DTT. IPG strips were then sealed on top of SDS-PAGE 11-14.5% gradient self-cast gels (20 × 17 × 0.1 cm) with agarose plus bromophenol blue and run at 25 mA at 12°C using the Tris-Glycine-SDS buffer system until reach 3,000 Vh. Both IEF and SDS-PAGE gel were run in the dark.

Gel imaging and spot detection
------------------------------

After SDS-PAGE, gels were screened using the Bio-Rad FX Phosphoimager. Cy3 images were scanned using a 532 nm internal laser and a 605DF50 emission filter and Cy5 images were scanned using a 635 nm laser and a 695DF55 emission filter. All gels were scanned at 100 μm (pixel size) resolution and images were stored at 150 dpi image size. Spot detection on 2D gel images was performed with version 3.3 of the Delta2D software package (Decodon GmbH, Greifswald, Germany). The settings used to detected spots were optimized using a representative Cy3 gel image and a number was assigned to each spot detected in the gel. The same parameters were used for the other gels and the spot identities were manually assigned to each spot in all the gels. Spot volumes were calculated with the Delta2D software and normalized to the corresponding image (relative expression of each spot compared to the total spot volume of the image) and against the pooled Cy3 standard of each individual spot (ratio of one particular sample spot volume to the corresponding Cy3 spot volume). The resulting values were exported to an excel spreadsheet.

Statistical analysis
--------------------

Only spots that were present in all of the Cy3 images were used for further statistical analysis. If a spot was recovered in at least two of three gel images for a given condition and was present in all replicates of the rest of the postharvest treatment, the missing value was replaced with the mean of the two existing values for that protein spot in that condition. In order to identify protein changes among the four different postharvest stages, data was first subjected to a transformation that stabilizes the variance across the full range of values \[[@B99],[@B100]\], and then standardized using a robust Z score \[[@B101]\]. One-way analysis of variance (ANOVA) was then executed using MeV v4.0 software, which allows for simultaneous control for false discovery rate (FDR), which is desired when multiple testing procedures are performed \[[@B102]\]. Thus, ANOVA was performed with a false discovery procedure that minimized the number of false positives to less than one, followed by Tukey\'s test. A significance p-value cut-off of 0.05 was used to determinate differentially accumulated proteins. Standard hierarchical clustering with average linkage (Euclidean distance) was used to cluster these proteins. PCA analysis was carried out in parallel to this using Minitab software version 14 and was performed on a covariance matrix.

Identification of proteins by mass spectrometry
-----------------------------------------------

Spots were excised from colloidal coomassie stained gels. Spots trypsinization and LC-MS/MS analyses were performed as follows. In gel digestion was performed using a MassPrep station (Perkin Elmer, USA). Proteins within gel slices were first reduced and alkylated using DTT and Iodoacetamide respectively and then digested to peptides by porcine trypsin (Promega, USA). Resultant peptides were eluted from the gel pieces in 15 μl of 0.1% formic acid. Five microliters of this solution were injected onto a reverse phase column (15 cm 75 μm internal diameter C18 PepMap column) coupled to an Eksigent nano LC system (Presearch, UK) at a flow rate of 300 nl/min attached to a LTQ Orbitrap (Thermo). The LTQ Orbitrap was operated in data dependant mode, MS followed by 2 × MS/MS with a dynamic exclusion of 1.5 Da (m/z values). Resulting data files were converted to .mgf file format using Bioworks version 3.2 (Thermo, USA) and searched against the IPI_mouse database (51,326 entries) using MASCOT version 2.2 (Matrix Science, London, UK) with the following parameter settings: 2 miscleavages, variable methioine oxidation, carboxymethyl cysteine fixed modification, fragment mass tolerance of 0.8 Da, peptide tolerance of 1.0 Da. Probability-based MASCOT scores were used to evaluate identifications. Only scores considered significant by MASCOT (confidence greater than 95%) were contemplated for further analysis. The peptides obtained from mass spectrometry were used to carry out TblastN of the *Prunus persica*contigs generated \[[@B103]\]. These sequences were further translated into aminoacidic sequences in order to be able to establish homology comparisons against proteins reported in the literature.

Gene ontology annotation
------------------------

Biological Processes integrated in the Plant GO slim (goslim_plant), a limited subset of high-level GO terms extracted from the whole Gene Ontology, were used for this analysis. The UniProtKB accession numbers of each differentially accumulated protein were retrieved from the UniProtKB database and loaded onto the QuickGO annotation page \[[@B24]\]. In total, 30 accession numbers were loaded, 25 of which had a GO Biological Process Annotation assigned (additional file [4](#S4){ref-type="supplementary-material"}). Spots N138, N255, N305, N313, N322 and N323 did not have an annotation. The results of this procedure were used to perform the functional analysis of the other proteins.
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2-D DIGE: two-dimensional difference gel electrophoresis; ACC oxidase: 1-aminocyclopropane-1-carboxylate oxidase; ADH: alcohol dehydrogenase; ARF: ADP-ribosylation factor; ANOVA: one-way analysis of variance; ANS: anthocyanidin synthase; Ara: arabinose; CAT: catalase; cGAPDH: cytosolic glyceraldehyde-3-phosphate dehydrogenase; Da: Dalton; DMF: N,N-dimethylformamide; DTT: Dithiothreitol; EndoPG: endopolygalacturonase; FDR: false discovery rate correction; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GDH: glutamate dehydrogenase; IEF: Isoelectric focusing; kDa: kilodalton; LDOX: leucoanthocyanidin dioxygenase; Min: minute; mM: milimolar; MW: molecular weight; N: Newton; NADP-ICDH: NADP-isocitrate dehydrogenase; NADP-ME: NADP-dependend malic enzyme; Ndhf: NADH dehydrogenase subunit F; NL: non-linear; pI: isoelectrical point; PME: pectin methylesterase; pmol: picomole; POD: peroxidases; PpACO1: *Prunus persica*1-aminocyclopropane-1-carboxylate oxidase 1; PpACS1: *Prunus persica*1-aminocyclopropane-1-carboxylate synthase 1; PpPG2: *Prunus persica*polygalacturonase 2; PPO: polyphenol oxidases; PpsHSP1: *Prunus persica*small heat shock protein 1; PpsHSP2: *Prunus persica*small heat shock protein 2; PSAT: phosphoserine aminotransferase; ROS: reactive oxygen species; sHSP: small heat shock protein; SDS: Sodium Dodecyl Sulphate; TLP: thaumatin-like protein; TCEP: Tris(2-Carboxyethyl) phosphine; TRX: thioredoxin; UAM: UDP-arabinopyranose mutase; V: volt; Vh: volt hours; μA: microampere; μl: microliters; μm: micrometers.
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###### Additional file 1

**Evaluation of the mesocarp browning degree among fruits from the four different postharvest conditions evaluated**. Fruit mesocarp images from three representative samples from the E1, E2, E3 and E4 conditions are shown. The degree of browning was assessed visually and values were assigned to each condition using E1 as standard. As can be seem, the fruits from the E4 condition have a darker brown mesocarp color when compared to the other four conditions. + no browning; ++ no browning degree with a color change of the mesocarp; +++ medium browning degree; ++++ high browning degree.

###### 

Click here for file

###### Additional file 2

**Peptide sequences obtained by mass spectrometry and their localization within proteins**. A compendium of the protein sequences containing the peptide sequences (highlighted) delivered by the mass spectra is presented.

###### 

Click here for file

###### Additional file 3

**Differential accumulation of each spot detected in the 2-D gels analysis from peach fruit mesocarp**. The experimental values of isolelectrical point (pI) and molecular weight (MW) of all the spots analyzed, as well as its accumulation pattern and the PCA weight loadings values are listed.

###### 

Click here for file

###### Additional file 4

**Gene Ontology Annotation**. A detailed description of each biological process assigned to the differentially accumulated proteins is listed together with the evidence source used by the GO annotation system.

###### 

Click here for file
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